acteriophages are the most abundant biological entity in the biosphere. About 96% of phages are tailed, implying that tails provide an evolutionary advantage 1 . The phage tail is a complex macromolecular machine, responsible for host−cell recognition, attachment, cell envelope penetration and genome ejection [2] [3] [4] , although details of how the machine operates remain to be elucidated.
1
. The phage tail is a complex macromolecular machine, responsible for host−cell recognition, attachment, cell envelope penetration and genome ejection [2] [3] [4] , although details of how the machine operates remain to be elucidated.
Phage tails are classified into three fundamental types: siphophages, myophages and podophages. Siphophages possess non-contractile tails of greatly varying length. The tail is usually terminated by a simple baseplate to which one or more tail fibres or tailspikes are attached. The fibre or tailspike constitutes the initial adsorption organelle, and, together with the baseplate proteins, form the major parts of the ejection machine 3 . Myophages have a more complex baseplate structure with a contractile tail sheath. Irreversible adsorption accompanies sheath contraction, which drives the inner tail tube into the infected cell 5, 6 . Podophages have non-contractile tails that are too short to span the cell envelope. During infection, Φ29 enzymatically digests the Gram-positive cell wall, a process that ultimately juxtaposes the body of the phage and the cytoplasmic membrane 7, 8 . T7 contains internal head proteins that are ejected into the cell where they assemble into a cell envelope-spanning structure [9] [10] [11] [12] . P22 also contains internal head proteins that become cell-associated after infection 13 , but the mechanisms of trans-envelope channel formation remain poorly understood for most phages 14 . The short-tailed phage P22 is one of the best-studied model systems for viral assembly and infection 2, 15 . Both the mature P22 virion and its isolated tail machine have been studied extensively by cryo-electron microscopy (cryo-EM) [16] [17] [18] [19] [20] . The tail machine, which is inserted at a five-fold vertex of the capsid, comprises the portal protein gp1, baseplate proteins gp4 and gp10, the tail needle gp26, and the six gp9 tailspikes. Together with the crystal structures of gp1, gp4 21 , gp9 [22] [23] [24] and gp26 25 , a high-resolution cryo-EM structure provided a better understanding of the mature P22 virion and its tail machine 26 . Tailspikes hydrolyse the repeating units of the O antigen 23 and hydrolysis is required for infection 27, 28 . Each tailspike is a trimer and thus has three O antigen-binding sites. The crystal structure of gp9 complexed to O antigen reveals the sugar-binding pocket in atomic detail 23 . The gp26 needle is a plug that prevents DNA from leaking out of the capsid [29] [30] [31] [32] and the protein becomes cell-associated during infection 13 . The gp26 protein shares structural similarities with coiled-coil class I membrane fusion proteins 25 but it is not known how the needle attaches to and penetrates the cell envelope. The non-contractile P22 tail is required, but is insufficient for genome ejection during infection. Three proteins (gp7*, gp16 and gp20) are ejected (E proteins) from the capsid to the host cells 13 . Full-length gp7 is processed by the PrlC (OpdA) protease, removing the 20 N-terminal residues to yield the packaged form gp7* 33, 34 . Experiments using osmotic suppression to prevent DNA ejection in vitro suggested that protein ejection during infection precedes genome translocation 35 . All three proteins are essential for infectivity but their exact functions are unknown.
Here we used Salmonella enterica serovar Typhimurium LT2 minicells as hosts for infection by both wild-type and mutant P22. High-throughput cryo-electron tomography (cryo-ET), subtomogram averaging and classification were then employed to reveal structural information that provides new insights into P22 infection initiation. For successful infection, bacteriophages must overcome multiple barriers to transport their genome and proteins across the bacterial cell envelope. We use cryo-electron tomography to study the infection initiation of phage P22 in Salmonella enterica serovar Typhimurium, revealing how a channel forms to allow genome translocation into the cytoplasm. Our results show free phages that initially attach obliquely to the cell through interactions between the O antigen and two of the six tailspikes; the tail needle also abuts the cell surface. The virion then orients perpendicularly and the needle penetrates the outer membrane. The needle is released and the internal head protein gp7* is ejected and assembles into an extracellular channel that extends from the gp10 baseplate to the cell surface. A second protein, gp20, is ejected and assembles into a structure that extends the extracellular channel across the outer membrane into the periplasm. Insertion of the third ejected protein, gp16, into the cytoplasmic membrane probably completes the overall trans-envelope channel into the cytoplasm. Construction of a trans-envelope channel is an essential step during infection of Gram-negative bacteria by all short-tailed phages, because such virions cannot directly deliver their genome into the cell cytoplasm.
Results

Visualization of P22 in different infection
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S. Typhimurium minicells with wild-type P22 at 37 °C and observed several distinct structures (Fig. 1 ). Adsorption to minicells was asynchronous but common structures at each sampling time can be interpreted using a pathway of phage development. However, absolute times are altered relative to the infection of normal cells (Table 1) . After 3 min of infection, many virions are seen to be obliquely bound to the minicell surface (Fig. 1a,f) ; this structure is less common later in the infection process when most particles are perpendicular ( Fig. 1b,g ; Supplementary Table 1) . At longer periods of infection, electron density spanning the periplasm is visible juxtaposed with the infecting virion. Some particles appear to contain a full complement of DNA (Fig. 1c,h) ; in others the electron density from encapsidated DNA is lower (Fig. 1d,i) , presumably due to ongoing DNA ejection. The last intermediate observed lacks any significant electron density from the DNA in the capsid (Fig. 1e,j ), but this class was not common under our experimental conditions and is not further analysed here.
Oblique attachment. Early in infection, many phages are bound obliquely to the minicell through two adjacent tailspikes, with the tail needle abutting the cell surface ( Fig. 1a,f; Fig. 2 ). To understand this interaction in more detail, we used subtomogram classification and an average from 361 particles to obtain an asymmetric reconstruction of this phage−host complex. Three-dimensional (3D) classification reveals that virions are bound to the outer membrane in six distinct orientations ( Supplementary Fig. 1 ), suggesting that any two of the six tailspikes, plus the needle tip, are in contact with the cell surface. Compared to free virions ( Supplementary Fig. 2 ), the tail machine of the adsorbed phage has not undergone obvious structural changes because the X-ray structures of the P22 tailspike and needle are readily fitted into the averaged map ( Fig. 2d-g ). A top view from the phage capsid highlights the most exposed O antigen-binding cleft on each gp9 trimer (Fig. 2e) . Rotating the view of the adsorbed phage−cell complex clearly shows three points of contact with the cell surface: the tail needle and the tips of two tailspikes (Fig. 2f) . The distance between the closest O antigenbinding sites on the two bound tailspikes and the cell surface core lipopolysaccharide (LPS) is ~8 nm (Fig. 2g) , about the length of five O antigen repeat units (the limit product for tailspike hydrolysis of O antigen attached to LPS 27 ). Importantly, this angled orientation 
Conformational changes of the tail machine during adsorption.
After longer periods of infection, almost all the particles are oriented perpendicularly (Supplementary Table 1 ). Considering only those particles that seem to contain a full complement of DNA, applying a local classification around the cell envelope revealed four distinct conformations ( Fig. 3) . Each structure corresponds to only 1-8% of all the particles analysed but they probably represent distinct intermediate states during infection. The structures are presented in what we consider to be a logical sequence of events during phage infection, although we emphasize that no evidence is presented that the structures actually lie on a direct kinetic pathway. One structure reveals the tail needle penetrating the outer membrane (Fig. 3a,e) . The tail needle appears to be intact as the crystal structure of gp26 fits well into the density ( Supplementary Fig. 3 ). This probably represents the initial conformational state following virion reorientation and the definitive commitment to infection; particles lacking gp26 are unstable and spontaneously release their packaged genome [29] [30] [31] [32] . We cannot determine whether the needle has diffused in the outer membrane or whether it has been released into the periplasm. In all the other structures, the needle has disappeared, initially leaving a region with no electron density between the P22 gp10 baseplate and the cell surface (Fig. 3b,f ).
In the third intermediate, electron density is present between the gp10 baseplate and the cell surface, forming what we call the extracellular channel (Fig. 3c,g ). This density does not appear to breach the outer membrane. The fourth structure shows that the extracellular channel has extended and now disrupts the outer membrane ( Fig. 3d,h ). A central slice through this structure reveals a significant cavity in the outer membrane that occupies the centre of the infecting tail machine; additional electron density is visible just below the inner surface of the outer membrane. This density does not extend far into the periplasm but may reach the cell wall. The structures of the portal−baseplate complex and tailspikes do not appear to have undergone major conformational changes and we show below that the additional density is due to ejection of E proteins into the cell. The tailspikes have also been drawn closer to the outer membrane (Fig. 3d,h ), perhaps suggesting that a secondary binding surface on the tailspikes is interacting more tightly with the cell surface or that the affinity of the E proteins for both the outer membrane and the body of the virion is sufficiently high to pull the latter closer to the cell.
Visualization of the trans-envelope channel. The majority of the adsorbed particles observed exhibit a trans-envelope channel bridging the outer and inner membranes. However, this structure displayed substantial heterogeneity in both orientation and length. To obtain a high-resolution structure of the intact trans-envelope channel, 6,201 particles selected by classification were used to generate an averaged structure (Fig. 4a ). Electron density due to the . PG, peptidoglycan cell wall.
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NATure MICrObIOlOGy phage genome suggests that most or all of the DNA is still inside the capsid. After further local refinement and classification, we obtained a structure of the trans-envelope channel with an overall resolution of 2.7 nm, although the bottom part of the channel remains poorly defined ( Fig. 4b-g ). A central slice through the structure (Fig. 4b) and a cross-section (Fig. 4c) show that the orientation of the tailspikes and the gp10 baseplate are indistinguishable from those in free or adsorbed virions (compare Fig. 3 with Supplementary Fig. 2 ). The channel extends from the distal end of the gp10 baseplate to the outer face of the cytoplasmic membrane, a distance of ~40 nm. The width of the complete channel structure is irregular with an average diameter of ~8 nm, varying from ~5-10 nm (Fig. 4f) . The outer membrane completely surrounds the cavity or pore of the genome ejection channel (Fig. 4b,d,g ). The cavity is ellipsoid in shape with dimensions of ~4-8 nm, the smaller value being coplanar with the membrane. A slice through the central plane of the outer membrane highlights this P22-mediated cavity, which contains an electron density consistent with it having double-stranded DNA in its centre (Fig. 4d) . In cross-sectional slices, density consistent with doublestranded DNA is also seen extending from the phage capsid into the extracellular channel (Fig. 4b,d,g ).
E proteins have distinct roles in trans-envelope channel formation. The three intra-capsid E proteins are essential for infectivity. Mutant particles that contain a defective E protein in the capsid adsorb normally but do not allow the P22 genome to enter the cell cytoplasm 15 . We hypothesized that these proteins are the building elements of the 40 nm trans-envelope channel. To test this idea, we prepared P22 gp7-, gp20-and gp16-defective particles and incubated them with minicells prior to cryo-ET imaging. Representative tomograms are shown for each mutant (Fig. 5a,d,g ). Defective gp16-particles form the 40 nm ejection channel (Fig. 5b,c) ; at our level of resolution, no significant difference from the averaged structure of the wild-type phage could be detected (compare the panels in Fig. 4a,b) . However, unlike a productive infection by wild-type phage, essentially all mutant virions contain DNA (Fig. 5a ).
Infections by gp20-or gp7-defective particles do not show electron density spanning the periplasm (Fig. 5e,f,h,i) . In contrast to gp16-defective infections, most gp7-and some gp20-defective capsids appear to be empty and have therefore ejected their DNA (Fig.  5d,g ). There is a subtle difference between the two mutant virions: electron density associated with the extracellular channel is less intense and less complete with the gp7-defective particle (compare Fig. 5h,i with Fig. 5e,f) . Further classification and subtomogram averaging of the gp7-and gp20-defective particles revealed that the extracellular channel of the gp7-defective particle does not fully interact with the outer membrane (Fig. 5i) , whereas density associated with the gp20-defective particle is clearly contiguous. We tentatively ascribe the extracellular channel to the ejected gp7* (the mature form of gp7) and propose that gp20 is responsible for the majority, or perhaps all, of the structure in the periplasm.
Discussion
Most bacteriophages use elaborate tail machines for host−cell recognition, attachment, cell envelope penetration and DNA ejection. Despite strikingly different tail morphologies and different strategies for genome translocation, all phages of Gram-negative bacteria face similar barriers: two membranes and a cell wall. P22 is one of the best-studied model systems for viral assembly and infection 2, 15 .
Here we used Salmonella minicells as a host to study P22 adsorption and DNA translocation. Our structures provide evidence that the phage P22 virion undergoes coordinated conformational changes to assemble a 40 nm trans-envelope channel that allows genome ejection into the cell cytoplasm. A simplified overview of the infection process revealed by this study is shown in Supplementary Fig. 4 , although we stress that the pathway depicted has not been experimentally established. 
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NATure MICrObIOlOGy productive infection 27, 28 . The majority of O antigen chains contain 19-34 repeats 37,38 that could extend 27-48 nm away from the cell surface. However, the rate of tailspike endorhamnosidase activity on oligosaccharide substrates is only ~2 per min 39 , which is too slow to facilitate efficient P22 infection. As adsorption of P22 to O antigen on bacteria also seems to be irreversible 40, 41 , it was proposed that adsorbed phages approach the host cell surface by rapid release and rebinding 39 . Alternatively, it is possible that enzymatic activity is faster on longer, native O antigen chains than on model substrates, or that coordination between the six tailspikes on a virion leads to an increased rate of hydrolysis.
The homotrimeric tailspike contains two domains with a hinge between the enzymatic C-terminal domain and the N-terminal domain that binds to the virion 22, 24 . In the mature virion, the hinge is bent so that the elongated C-terminal domain points approximately orthogonally away from the head. Each tailspike has three enzymatic active sites [22] [23] [24] ; receptor O antigen bound to these sites would orient the virion so that its tail is closest to the bacterial surface if the flexible polysaccharide is stretched outwards from the cell surface.
P22 particles initially bind to the cell surface at an oblique angle. This seems obvious in hindsight, even obligatory. The tail needle extends 13.7 nm below the distal plane of the tailspikes and the common cartoon of phage infection cannot reflect the initial specific interaction of P22 with the cell surface. Interestingly, Φ29, whose tail knob extends below the plane of its appendages, also initially binds to a Bacillus subtilis cell at an oblique angle 7 . In contrast, SP6, whose tailspikes are homologous to P22 but do not extend below the plane of the tail knob, was not observed to bind obliquely 42 . There are almost certainly earlier interactions between the phage and the cell that are non-specific, or less so than the obliquely bound state; for example, the capsid portion of the phage may make the initial collision. However, any such structures may be too unstable to be captured in our experiments.
The central needle and two adjacent tailspikes form an asymmetric tripod that interacts with O antigen and the outer membrane (Fig. 2) . Our data show that tailspikes probably interact with both O antigen and core LPS and provide the first structural evidence that the P22 needle tip interacts directly with the outer membrane. It is not known whether the tip is bound to a specific moiety. The P22 needle tip does not confer host specificity but alterations in its sequence can cause a delay in the infection process 43 . The crystal structure of the tailspike bound to the O antigen 23 fits well into the 
NATure MICrObIOlOGy electron density of an obliquely attached P22 virion and reveals that in this orientation only one of the three active sites directly faces the outer membrane. At this stage of infection only two adjacent spikes are seen closely interacting with the outer membrane, suggesting that two enzymatic active sites (one on each spike) are making contact with the O antigen. Assuming that O antigen chains are fully extended away from the LPS, obliquely adsorbed phages must have either hydrolysed several repeat units or undergone rapid cycles of bind and release for two tailspikes on the infecting P22 to approach ~8 nm from the outer core LPS surface (Fig. 2g) . Bind and release 39 seems likely, particularly if at any given instant during this early stage of specific adsorption only two of the 18 active sites on the tailspikes are actually bound to O antigen. An infection intermediate where P22 is bound obliquely to the cell surface provides an opportunity for exposed O antigen-binding sites on other tailspikes to be recognized by the flexible chains of their substrate. It has long been established that at least three tailspikes must be bound to heads for a productive infection 40, 44 , and thus at least three tailspikes must bind the cell. Binding of additional tailspikes to the O antigen, beyond the pair closest to the cell surface when the phage is obliquely bound, probably requires reorientation of the virion. Reorientation also renders all three binding sites on each tailspike more accessible and thus may be accompanied by an increase from 2 to as many as 18 tailspike−O antigen complexes.
Reorientation of the virion must also force the tail needle through the outer membrane. The energetics of virion reorientation and needle penetration are unknown but will probably include not only O antigen binding but also its hydrolysis.
Ejection of the needle and formation of the 40 nm transmembrane channel. Tailspikes are attached to the cylindrical tail hub formed by the dodecameric portal gp1, dodecameric gp4, hexameric gp10 and the trimeric needle gp26. The needle plugs the central channel of the tail hub 25 and particles lacking gp26 spontaneously release encapsidated DNA [29] [30] [31] [32] . It has been suggested that the P22 tailspikes might spread out like the petals of a flower in bloom 18, 24 so that the bottom of the baseplate could abut the host cell outer membrane like the tail knob of podophages T7 and SP6 12, 42 . However, the structures and orientations of gp10, gp4, gp9 and gp1 do not detectably change during infection from those in the mature virion, and needle release therefore results in a gap between the bottom of the baseplate and the cell surface. This suggests that either subtle changes, undetectable with our current cryo-ET approach, occur in the tail to cause needle ejection or, as a consequence of the needle tip penetrating the outer membrane, a signal is transmitted along the entire length of the needle to its connection with the baseplate.
The gap between the gp10 baseplate and the cell surface that results from needle release is subsequently filled by what we have . Comparable tomograms were obtained in five experiments using independent preparations of minicells and mutant phage particles. Scale bars in a-c apply to all panels in their respective columns. b,e,h, Class averages with both the inner and outer membranes visible for gp16-(b), gp20-(e) and gp7-defective particles (h). c,f,i, Classification reveals the details of the interaction between the extracellular channel and the outer membrane for gp16-(c), gp20-(f) and gp7-defective particles (i). The coloured arrows highlight differences between the three mutants: the yellow arrow points to density in the periplasm and the cavity in the outer membrane not seen in f or i; the orange arrows indicate the difference between f and i.
called the extracellular channel, which may be necessary to protect the phage genome from attack by environmental nucleases during its translocation into the cell interior. This extracellular channel is subsequently extended and assembled into a 40 nm structure that spans the cell envelope and extends from the tail hub to the inner membrane. The proteins that constitute this structure are the E proteins that, in mature virions, are inside the phage capsid. The electron density spanning the cell envelope seems to be the same following infection by wild-type or gp16-defective particles, suggesting that gp16 is embedded in the cytoplasmic membrane. This conclusion is in agreement with the partitioning of gp16 into the S. Typhimurium membrane fraction and the formation of a dyepermeable channel in liposomes 45 . No electron density was found in the periplasm following infection by gp20-or gp7-defective particles. However, the gp7-defective extracellular channel is less complete and there is no clear fusion with the outer membrane. This suggests that the extracellular channel contains gp7*. The gp20-defective particles seem to form a complete extracellular channel but the cavity in the outer membrane is not formed. Therefore, ejected gp20 probably creates this cavity in addition to forming the structure that spans the periplasm. This last conclusion is bolstered by the structure of the purified and in vitro refolded Sf6 gp12 46 , the homologous protein coded by a close relative of P22. However, further studies are necessary to more fully evaluate the roles of the E proteins when inside the cell.
Methods
Bacterial and phage strains. P22 strains were grown on IJ612 (MS1868 (S.
. Both strains were originally from M. M. Susskind. The lysis-defective phage P22 13amH101 was used to prepare wild-type virions. P22 7amH1363 (codon 78), 7amH1375 (codon 155), 16amN121 (codon 172) and 20amN20 (codon 79) have been described 47, 48 and were obtained, some as double mutants with 13amH101, from M. M. Susskind, S. R. Casjens and A. R. Poteete. The gp7-, gp20-and gp16-defective particles were made in MS1868 and purified by a discontinuous and then an equilibrium CsCl-density gradient. Phages were stored in CsCl and dialysed immediately before use for infection and cryo-ET sample preparation.
Minicells and preparation of frozen infected samples.
To obtain high-resolution structures of phage-infected cells by cryo-ET it is necessary to reduce sample thickness. We achieved this by preparing minicells, the diameter of which is 30-50% that of the short axis of the mother cell. Freshly prepared minicells are metabolically active 49 and have been shown to support phage growth 50, 51 . IJ2299 (TH16943), a wild-type LT2 strain in which the araBAD coding sequences were replaced with ftsZ + , has been described 42 . Growth in the presence of arabinose results in the production of minicells. IJ2299 was grown at 37 ˚C in 50 ml LB medium containing 0.2% arabinose and minicells isolated as reported 42 . Briefly, a 50 ml overnight culture was centrifuged at 10,000g for 10 min. The supernatant was centrifuged again at 40,000g for 20 min and the minicell pellet was resuspended in 30 μl LB medium containing 400 μg ml −1 rifampicin and incubated at 37 °C for 5 min. Minicells were then infected at a multiplicity of ~5-10. Rifampicin serves to inhibit gene expression that could potentially affect minicell structure during the infection. Samples were removed at various times, mixed with 10 nm colloidal gold and deposited onto freshly glow-discharged, holey carbon grids for 1 min. Grids were blotted with filter paper, rapidly frozen in liquid ethane and cooled with liquid nitrogen, using a homemade gravity-driven plunger apparatus. Grids were stored under liquid nitrogen.
Cryo-ET data collection. Frozen grids were imaged at −170 °C on a cryo-electron microscope (Polara, FEI Company) equipped with a K2 direct electron detector (Gatan) and operated at 300 kV with a magnification of ×15,500, resulting in an effective pixel size of 2.6 Å. Images were collected automatically using a SerialEM 52 in dose fraction mode. The cumulative electron dose for each single-axis tilt series was ~50 e Å −2 , distributed over 35 images and covering an angular range of −51 to +51° with increments of 3°. The defocus ranged between −2 and −6 μm. For refinement of the trans-envelope structure, ~70 tilt series were collected on a Titan Krios, equipped with an energy filter (Gatan) with −3 μm defocus; the effective pixel size was 2.7 Å.
Tomogram reconstruction. Raw images were processed using MotionCor2 53 . The tilt series were aligned automatically using IMOD 54 . Defocus determination and contrast transfer function correction were performed using IMOD 54, 55 . Contrast transfer function-corrected tomograms were generated by using TOMO3D 56 .
Subtomogram analysis. Initially, free phage particles were manually picked to serve as a template for automatic particle picking using PyTom 57 . In total, 93,021 particles were extracted from 2,352 tomographic reconstructions (Table 1) . After translational and rotational alignment based on the global average, hierarchical ascendant classification was used to analyse the structures of trans-envelope channels, as described previously 5, 12, 42 . 3D visualization and modelling. IMOD was used to take snapshots of twodimensional slices from 3D tomograms and UCSF Chimera 58 was used for the surface rendering of the 3D averaged structures. The cryo-EM structure of the isolated tail machine (EMDB-5051) 17 was first docked into the cryo-ET density, then the crystal structures of gp1, gp4 21 (https://www.rcsb.org/structure/3LJ5 and https://www.rcsb.org/structure/4V4K), gp26 25 (https://www.rcsb.org/ structure/2POH) and gp9 with the sugar-binding pocket 23, 24 (https://www.rcsb.org/ structure/1TYX and https://www.rcsb.org/structure/1LKT) were fitted into the tailspike density map using UCSF Chimera.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
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Software and code
Policy information about availability of computer code Data collection SerialEM 3.5 was used to collected tomographic tilt series at Polara and Titan Krios Data analysis MotionCor2 was used for drift correction; IMOD-4.7 was used for alignment and CTF correction; TOMO3D-2.0 was used to generate tomograms; I3-0.9.9 was used for sub-tomogram alignments and classification; Chimera-1.13 was used for model building and visualization.
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Sample size
Over 2,000 tilt series and 70,000 images were collected from minicells infected by phage particles. Over 88,000 sub-tomograms of virions were used for subtomogram analysis.
Data exclusions After template-based particle picking, non-virion particles were removed.
Replication
The project was started using a CCD camera. We repeated the study with independent biological material using a K2 direct detector. We got better structures.
Randomization The initial alignment was carried out without any knowledge of the tail. In other words, the initial Euler angles of each particle is randomized.
Blinding
The researchers were not blinded to sample identity.
Reporting for specific materials, systems and methods Obtaining unique materials The host bacteria and P22 strains used in this work have all been published and are in the public domain. They are available on request from the corresponding author and/or most laboratories who study P22. The corresponding author received all strains from others and used them without modification. The origin of all strains is described in the manuscript.
